The main goal of the future 6-GeV electron storage ring is to provide 20-keV fundamental harmonic radiations from insertion devices. Parameter restrictions of REC-vanadium permendur hybrid undulators have been examined. The critical factor is the achieveable minimum gap of the undulator. Variations of the spectral brilliance for different beam parameters are also shown.
Introduction
A 6-GeV electron or positron storage ring, which is under consideration of conceptual design studies, would be a 'next generation" source of synchrotron radiation in the x-ray regime.
The principal technical goal of the machine is to provide highly brilliant photon beams of energies up to 20 keV at the fundamental harmonic of undulator radiations. The purpose of this paper is to discuss the restrictions of the undulator parameters for the 20-keV photon radiation and to study the expected spectral brilliance of the undulators.
The fundamental photon energy, El(keV), radiated from an undulator in the forward direction is given by
where E(GeV) is the electron energy in the storage ring and Xu(cm) the undulator period. The undulator deflection parameter, K, is defined as 
For undulators of relatively short periods and K < 1, designs of only permanent magnets are feasible in a practical sense.
Several permanent magnet undulators have been designed utilizing com ercially available rare-earth cobalt (REC) of SmCo5.
The undulator magnet consists of two parallel arrays of periodically magnetized REC blocks.
It generates a transverse field on the median plane of the undulator.
In a two-dimensional approximation of pure REC, the peak field is given by
where Br is the remnant field of the REC, h the height of the magnet blocks, and g the undulator gap. In is a monotonously varying function of K for K < 1. In the region of 0.3 < K < 0.6, one can obtain an optimum quasi-monochromatic photon beam of the fundamental harmonic.
For K < 0.3, the photon flux decreases rapidly, and for K > 0.6, on the other hand, higher harmonics start to appear. If the thickness of the vacuum chamber wall is 0.1 cm and its vertical aperture is adjustable, a minimum gap of 0.9 cm is quite possible.
In Fig. 2 . variations of the deflection paramneter vs undulator gap are plotted for various values of the period, and their corresponding photon energies at the fundamental harmonics are shown in Fig. 3 . For K > 0.4, one could choose undulator period and gap for 20-keV photons 1.55-'1.6 cm and 0.8'-0.9 cm, respectively. A conservative minimum gap may be about 1.2 cm, at which the photon energy is in the range of 15-18 keV depending on the choice of the undulator period.
In order to achieve a gap of 0.8 cm or less, design of the vacuum chamber with variable vertical aperture should be considered. Reducing the minimum gap from 1.2 cm to 0.8 cm will widen the tunability range of an undulator considerably. Undulator Spectrum
The peak brightness of Eq. (3), which is for a perfectly parallel electron beam, may be reduced slightly due to the broadening of the line width. Figure 5 is an example of the brilliance from a 2.5 cm-period tunable undulator. Between the gap of 0.9 -1.6 cm, the fundamental photon energy varies from 7.0 keV to 12.3 keV. The deflection parameter of 1.37 at the gap of 0.9 cm contributes the strong peak of the 21-keV third harmonic. Therefore, the brightness or brilliance is proportional to N. Figure 6 shows the dependence of the brilliance on the number of periods. The peak values at the fundamental harmonic are proportional to N within 10%.
Another concern is the number of undulator periods. Equation (3) shows that tlie brightness from a parallel beam is proportional to N . The brightness or brilliance from a beam with a finite size and emittance, however, is obtained by dividing the rms solid angle or source area from the total flux. 
